1. To study the effects of chloride depletion, without sodium depletion or change in plasma tonicity, on renal excretion of sodium and water, a single exchange peritoneal dialysis was performed in rats against a solution of glucose (15 gll) containing either NaCl (150 mmol/l, control) or NaHC03 (150 mmol/l, experimental); KHC03 (4 mmolll) was added to both solutions. All rats were prepared before dialysis by a low NaCl diet for 10 days. 2. Peritoneal dialysis against NaHCOs consistently produced a negative sodium and water balance compared with dialysis against NaCl. Despite this, subsequent electrolyte balance for 3 days showed that chloride-depleted rats excreted significantly more sodium and water and had a reduced urinary osmolality as compared with control animals.
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SummarV
1. To study the effects of chloride depletion, without sodium depletion or change in plasma tonicity, on renal excretion of sodium and water, a single exchange peritoneal dialysis was performed in rats against a solution of glucose (15 gll) containing either NaCl (150 mmol/l, control) or NaHC03 (150 mmol/l, experimental); KHC03 (4 mmolll) was added to both solutions. All rats were prepared before dialysis by a low NaCl diet for 10 days. 2. Peritoneal dialysis against NaHCOs consistently produced a negative sodium and water balance compared with dialysis against NaCl. Despite this, subsequent electrolyte balance for 3 days showed that chloride-depleted rats excreted significantly more sodium and water and had a reduced urinary osmolality as compared with control animals.
Increased sodium and water loss were unexplained by osmotic or bicarbonate diuresis. Kaliuresis was seen in the chloride-depleted rats but muscle potassium was not significantly depressed.
3. With sodium and water loss and continued renal chloride conservation, plasma chloride rose on the average from 88 mmol/l after dialysis against NaHCO, to 100 mmol/l (control 104 mmol/l) at 72 h. Concomitant with this increase in plasma [Cl-I, on the third day after dialysis, during hydropenia, urinary osmolality and papillary m a + ] were not different from control concentrations.
4. It is postulated that chloride depletion and/or hypochloraemia leads to diminished chloride trans-
InhdUCtiOn
Chloride depletion is associated with metabolic alkalosis (Schwartz, Van Ypersele D e Strihou & Kassirer, 1968) , a tendency to urinary potassium loss (Schwartz et al., 1968; Clapp, Rector & Seldin, 1962) and impaired tubular reabsorption of free water ( T L J at high urinary osmolar excretion rates in the anaesthetized dog (Wallin, Brennan, Long, Arnoff, Rector & Seldin, 1973a) and rat (Wallin, M a t t , Rector & Seldin, 1973b) . During, but not subsequent to, aspiration of hydrochloric acid from the stomach in dogs, a negative sodium balance was noted (Needle, Kalayonides & Schwarz, 1964) . Evidence has been presented, based on isolated rabbit tubule studies in vitro, that active chloride transport occurs in the thick ascending limb of the loop of Henle and that active transport of chloride may be the single effect responsible for urinary concentration in the countercurrent multiplier system of the renal medulla (Rocha & Kokko, 1973; Burg & Green, 1973) . Furthermore, reabsorption of a considerable fraction of filtered sodium takes place in the loop of Henle (Giebisch 8c Windhager, 1973b) , and this sodium absorption may thus be impaired by a diminished amount or concentration of chloride reaching the loop.
The present studies were therefore performed in rats subjected to peritoneal dialysis to produce maintained sodium balance but selective chloride depletion in order to determine the effects of acute chloride depletion, without sodium depletion, on subsequent renal excretion of sodium and water in unanaesthetized animals.
Methods

Animals and procedures
All rats were in individual metabolic cages on a low NaCl diet for 10 days before the study. This diet was supplied by Nutritional Biochemicals Corp. (Cleveland, Ohio, U.S.A.) and contained, by nitric acid extraction in this laboratory, less than 4 pmol of sodiumlg and less than 2 pmol of chloride/g, with 150 pmol of potassiumlg. In all studies, food was withdrawn 14 h before dialysis but free access to water was continued. The low NaCl diet established a stable steady state of sodium balance within a narrow range for all rats before dialysis. Such a diet does not alter urinary concentrating ability (Baker, Levitin & Epstein, 1961) . Chloride depletion was maintained after dialysis in the experimental group by a dietary and fluid intake free of chloride. Additional potassium was given to minimize the expected potassium depletion associated with metabolic alkalosis in the experimental group. Maximum renal concentrating ability was tested by deprivation of water for 36 h before termination of the experiment.
The experimental protocol is outlined in Fig. 1 . Three groups of ten male SpragueDawley rats weighing respectively 276 (SEM ll), 275 (SEM 12) and 267 g (SEM 12) were used. The experimental chloridedepletion group (group 3) was dialysed against glucose solution (15 g/l) containing NaHC03 (150 mmol/l) and KHC03 (4 mmol/l). Two control groups were employed: group 1 was not dialysed and group 2, as a control for peritoneal dialysis, was dialysed against a solution of glucose (15 g/l) containing NaCl(l50 mmol/l) and KHC03 (4 mmol/l). Immediately after dialysis in groups 2 and 3, and without dialysis in group 1, all animals were returned for the next 72 h to individual metabolic cages with screens to separate faeces from urine, which was collected under mineral oil and preserved with thymol. During the 3 day period, all rats ate 10 g of the low NaCl diet daily. Immediately after dialysis the drinking solution was changed from water to 20 ml daily of sodium chloride solution (50 mmol/l) buffered to pH 7.4 with potassium phosphate (K2HFQ4 and KH2P04, 100 mmol/l) for groups 1 and 2, whereas in group 3 chloride depletion was maintained by daily ingestion of 20 ml of a solution containing sodium phosphate (50 mmol/l) and potassium phosphate (100 mmol/l) (Fig. 1) .
In order to examine any effect of the greater intake of phosphate in group 3 than in group 2 on sodium balance, separate preliminary studies were carried out on the same diet and drinking fluid as group 2 and group 3 but without dialysis. Sodium balance over a 3 day period was not different and averaged + 511 ,umol/24 h (SEM 61, n = 6) and +494 prno1/24 h (SEM 70, n = 6, P < O 3 ) on group 3 and group 2 regimens respectively. In groups 2 and 3, rats were anaesthetized before dialysis with sodium pentobarbital (5 mg/lOO g body weight). Dialysis was performed by injecting 20 ml of a solution, warmed to body temperature, into the abdominal cavity through a no. 18 gauge polyethylene catheter with a stylet needle (Angiocath). The fluid was left in sit8 for 30 min, drained, and subsequently analysed for sodium, potassium and chloride. The mean volume of returned fluid was 18.8 ml (SEM 1.0) in group 2 and 21.2 ml (SEM 0.5) in group 3. Electrolyte and water balance for dialysis was calculated from the known amount injected and the measured return of dialysis solution water, sodium, potassium and chloride. The dialysis catheter was removed, and no subsequent drainage was noted in either group.
Thirty-six hours after dialysis, at the midpoint of the second day of metabolic balance, fluid intake was discontinued and the low NaCl diet maintained. All animals consumed the 20 ml fluid intake on the first day, and mean intake in the first 12 h of the second day, before fluid deprivation, was 16,16 and 18 ml in groups 1,2 and 3 respectively (SEM 2,2 and 1, P< 0.5).
In five animals in each group, urine was collected on the second day for determination of volume in two 12 h aliquots, i.e. before and after fluid restriction. All other measurements (sodium, potassium, chloride, osmolality and pH) were made on 24 h urine collections. No glycosuria was detected by qualitative testing (Labstix, Ames Co.) or by occasional measurements of urinary glucose by a quantitative glucose oxidase method (Raabo & Terkildsen, 1960 ; Sigma Chemical Bulletin no. 510); plasma glucose immediately after dialysis was in the range 90-110 mg/dl. At the end of the third day after dialysis, rats were killed under pentobarbital anaesthesia by exsanguination from the abdominal aorta. Aortic blood was analysed for sodium, potassium, chloride, urea, creatinine, osmolality, packed cell volume and arterial pH. Whole papillae from each kidney and portions of thigh muscle were taken for determination of sodium and potassium content. Plasma chloride was determined on tail blood 24 h after dialysis and at the end of the experiment.
An additional two groups of six animals (man weights 317 and 317 g, SEM 5 and 4) were killed for determination of plasma electrolyte and acid-base status 30 min after dialysis performed as in group 2 and group 3. These rats were also on a low NaCl diet for 10 days before peritoneal dialysis.
Laboratory methoak
Sodium and potassium in plasma, urine, and renal and muscle tissue were measured by a flame photometer with an internal lithium standard (Instrumentation Laboratory Inc., Lexington, MA, U.S.A.), and plasma and urinary chloride by a chloridometer (Buchler Instruments Division, Nuclear-Chicago Corp., Fort Lee, N.J., U.S.A.). Arterial pH and Pco2 were measured by an IL blood-gas analyser and plasma bicarbonate was derived. Urinary pH was measured by a Beckman pH meter. Plasma creatinine was measured by the method of Kennedy, Hilton & Berliner (1952) and blood urea nitrogen by the method of Crocker (1967). Urinary and plasma osmolality were measured by an Advanced osmometer and packed cell volume by an Autocrit centrifuge. Methods for muscle (Levitin, Amick & Epstein, 1961) and papillary (Mannitus, Levitin, Beck & Epstein, 1960) nitric acid extraction for measurement of sodium and potassium content were as previously described. The two papillae from each rat were taken for analysis; wet weight was in the range 10-12 mglrat.
COB,,,. and T&,, were calculated by the formulae:
and TRt., = Cosm. -V where V = urinary output (in ml), and U. . , . and Po,,,,. are respectively urinary and plasma osmolality (in mosmol/kg).
Results
All data obtained from group 1 rats, which were not dialysed, were not significantly different from group 2, the control peritoneal dialysis group (Table 1) . Thus peritoneal dialysis with sodium chloride did not alter cumulative sodium and water balance or renal concentrating ability, as compared with the appropriate dietary control. Subsquent data are from comparisons of groups 2 and 3 only. Values for plasma electrolytes and acid-base status (Aquino & Luke, 1973) . It is evident that group 2 rats have a hyperchloraemic metabolic acidosis and respiratory alkalosis, and group 3 animals have a hypochloraemic metabolic alkalosis without respiratory compensation. Since dialysis did not cause net potassium loss (Table 2) , the lower plasma potassium in group 3 must be due to an intracellular shift of potassium in alkalosis.
Water balance
As compared with group 2, cumulative water balance, without accounting for insensible loss, was significantly less over the 72 h experiment period in group 3, because of significantly increased urinary volumes on days 1 and 2 despite a negative net water balance for dialysis in group 3 and an almost identical water intake (Table 3) . Weight loss was also significantly greater in group 3 despite an identical caloric intake. As compared with group 2 (Fig. 2) , urinary osmolality in group 3 was significantly less on days 1 and 2 but was not different on day 3. In the five animals in each group which had two 12 h urine collections on day 2 (before and after fluid restriction), mean urinary volumes were significantly higher in both 12 h periods in group 3 than in group 2: 14 ml (SEM 1.4) versus 6 ml (SEM 1.3, P< 0.005) in the first 12 h and 4.2 ml (SEM 0.6) versus 2.0 ml (SEM 0.3, P< 0.025) in the second 12 h. However, on day 3 during continued hydropenia, urinary volumes in group 3 were not different from group 2 ( Table 3) . Thus impaired water conservation was seen in the chloride-depleted rats in the first 36 h after dialysis and during the first 12 h of hydropenia, but not in the subsequent 24 h of hydropenia.
Urinary osmolar excretion was not different between groups on days 1 and 3, but was greater on day 2 in group 3 (Table 4) ; the greater osmolar excretion on the second day is attributable to a greater urinary excretion of sodium and potassium and accompanying anions (3.4 mosmol of a 4 mosmol difference, i.e. 85% of the difference). On the third day, 12-36 h after the start of fluid restriction, urinary volumes, osmolar excretion, osmolar clearance, and T&, were not significantly different between group 2 and group 3 (Tables 3 and 4) . Likewise, papillary sodium and potassium concentrations were not different between group 2 and group 3 (Table 5) . Thus, on the third day, after 36 h of fluid restriction, urinary concentrating ability and papil- Electrolyte balance and changes in plasma electrolytes (Fig. 3, Table 2 , Table 6) Since all rats were on a low salt intake before peritoneal dialysis, a base-line slight deficit of both ions can be assumed.
Sodium balance of dialysis was significantly less positive in group 3 than in group 2 (Fig. 3) . Despite this, urinary sodium excretion was greater, and hence sodium balance less positive on days 1 and 2 in group 3 rats. Cumulative 3 day sodium balance was negative in group 3 and significantly different from the positive sodium balance of group 2 (Fig. 3) . The relative natriuresis was not associated with any elevation in urinary pH in group 3 as compared with group 2 (Table 6) ; indeed, on day 2 urinary pH was significantly lower in these chloride-depleted sodiumlosing rats.
Cumulative potassium balance over the 72 h experiment period was +2347 pmol (SEM 76) in group 2 and +680 pmol (SEM 185) in the chloride-depleted group 3 (P<OWl). In group 3, plasma potassium was less ( Plasma electrolytes at the end of the experiment are shown in Table 2 . The hypochloraemia seen 24 h after dialysis was substantially corrected by 72 h after dialysis. The mean increment in plasma chloride over this period in chloridedepleted group 3 rats was 11.2 mmolll (SEM 2.1, n = 10, P< 0.001), and the difference in plasma chloride between group 2 and group 3 at 72 h was not statistically significant. There was no significant difference in plasma sodium between the two groups; likewise, muscle sodium was 7.1 mmo1/100 g of fat-free dried solids (SEM 0.2, n = 10) in group 2 as compared with 7.7 mmo1/100 g (SEM 0.8, n = 10, P< 0.4) in group 3.
The blood urea in group 3 was significantly elevated as compared with group 2, but there was no difference in plasma osmolality, serum creatinine or packed cell volume ( Table 2) .
Discussion
Single exchange peritoneal dialysis, as in the present experiment, offers a reproducible model of chloride depletion and hypochloraemic alkalosis without any major alteration in sodium balance or plasma tonicity. Dialysis against sodium bicarbonate consistently produces a slightly larger return of dHusate and, therefore, a negative sodium and water balance as compared with dialysis against sodium chloride. Hence, the stimulus to conserve sodium and water in the chloridedepleted rats is greater than in control animals.
Yet, in the first 48 h of the experiment, urinary volumes were higher, and urinary osmolalities less, in the rats subjected to chloride depletion. The increased urinary volume in these rats almost certainly means negative water balance since fluid intake was virtually identical in control and experimental animals, and weight changes were consistent with this hypothesis; furthermore, previous studies have shown no evidence of diminished insensible loss after electrolyte depletion produced by dialysis in rats (Semple, 1952) . The increased water excretion in the chloride-depleted, as compared with the chloriderepleted, animals was not due to an osmotic diuresis. Although urinary excretion of potassium was uniformly increased in the chloride-depleted group, potassium depletion seems a most unlikely cause of the impaired renal concentrating ability because of the simultaneous occurrence of diuresis and kaliuresis and the absence of any significant depletion of muscle potassium. Furthermore, concentrating ability became normal on the third day, at which time cumulative potassium balance was most different from control. Semple (1 952) produced depletion of sodium chloride in rats by performing dialysis against glucose (100 gll) and observed that, despite a maintained low chloride diet, there was a water diuresis, a negative water balance, and a subsequent rise in plasma chloride; sodium balance was not studied. Baker et al. (1961) performed dialysis against glucose (50 gll) containing sodium bicarbonate (25 mmol/l) and demonstrated vasopressin-resistant impairment of urinary concentrating ability, a negative water balance and restoration of plasma sodium to the normal range; chloride balance and changes in plasma chloride were not studied. As a result of their studies, both Semple (1952) and Baker et al. (1961) speculated that rats conserved tonicity at the expense of body fluid volume. In the present experiments, sodium balance during dialysis was maintained and no alteration of plasma tonicity was produced, but there was a considerable alteration of plasma anion composition with a depression of plasma chloride and an elevation of plasma bicarbonate. This change in anion composition was associated with impaired renal conservation of water.
3540% of filtered chloride is reabsorbed in the loop of Henle in the rat (Giebisch & Windhager, 1973a) . Active chloride transport has been described in the thick ascending limb of the loop of Henle and is thought to be the single effect responsible for active salt transport, which, by countercurrent multiplication in the loop, creates the hyperosmolality essential for normal urinary concentration (Rocha & Kokko, 1973; Burg & Green, 1973) . Significant impairment of T&,er has been seen in the chloride-depleted anaesthetized dog and rat during high rates of urinary osmolar excretion (Wallin et al., 1973a, b) . Sodium bicarbonate loading without chloride depletion, but presumably with hypochloraemia (plasma chloride was not measured but was almost certainly low), is associated with impaired maximum urinary concentrating ability in the rat and with vasopressin resistance during water diuresis in the dog (Goodman & Levitin, 1965;  Ulmann, Czaczkes & Menczel, 1965) . Progressive increments in hypertonic salt loading in man were not associated with a maximum T L r value as rates of solute clearance increased, whereas such a maximum is obtained after equivalent increases in solute excretion during incremental infusion of hypertonic mannitol, which resulted in progressive hyponatraemia and, presumably (plasma chloride was not measured but was almost certainly low), hypochloraemia (Goldberg, McCurdy & Ramirez, 1965) . Administration of acetazolamide and infusion of hypotonic mannitol or sodium bicarbonate to dogs undergoing a water diuresis was associated with a reduction in tubular chloride concentration reaching the loop of Henle and with a relative reduction in C,.,,, as compared with hypotonic sodium chloride infusion (Rosin, Katz, Rector & Seldin, 1970) .
These previous, as well as the present, experiments suggest that diminished delivery of chloride to, or diminished tubule chloride concentration reaching, the loop of Henle may impair urinary concentrating and diluting ability and that chloride depletion and/ or hypochloraemia may be a significant cause of impaired renal response to antidiuretic hormone.
In the present experiments, plasma chloride in the chloride-depleted group rose significantly to concentrations not different from control values at the end of the experiment. Since hydropenia was not associated with any change in plasma chloride in the control group, and since urinary volumes were similar in the last 24 h of hydropenia, almost all of the rise in plasma chloride must have occurred before the onset of hydropenia, provided that the increase was secondary to the negative water and sodium balance. Semple (1952) concluded from serial estimations of packed cell volume, chloride balance and body weight that water loss after electrolyte depletion, induced by dialysis, occurred from both the intracellular and extracellular fluid. Since approximately 20% of total body chloride in the rat is in an intracellular or transcellular location (Barratt & Walser, 1969) , some of the rise in plasma chloride may be related to a shift of chloride from these sites.
However produced, the rise in plasma chloride was associated with a restoration in normal urinary concentrating ability. In the experiments of Baker et al. (1961), after 'moderate' salt depletion produced by a single dialysis, vasopressin-resistant water diuresis was accompanied by restoration of serum sodium and chloride (plasma chloride was not measured but almost certainly rose in parallel with sodium) to normal over the course of 1 week on a low salt diet; at that time, response to vasopressin was also restored to normal. These and the present experiments suggest that a rise in plasma chloride may be important in restoring normal renal concentrating ability, and that water loss after salt depletion in previous rat experiments (Semple, 1952; Baker et al., 1961) is not an osmoregulatory mechanism, but is related to the renal effects of chloride depletion.
Despite the greater stimulus to sodium conservation induced by dialysis in the chloride-depleted rats, increased urinary sodium excretion was seen on normal sodium intakes. In separate acute clearance studies immediately after dialysis (R. G. Luke, B. T. Khanh, R. D. Schmidt & J. H. Galla, unpublished work), a significant increase in excretion fraction for sodium was seen in the chloride-depleted group and was unexplained by changes in filtered sodium load, mineralocorticoid concentrations, relative volume expansion, or by bicarbonate or osmotic diuresis. In previous studies of dogs, depletion of HC1 by gastric drainage over 2 4 days, a negative sodium balance, despite a normal sodium intake, was seen during chloride depletion but a positive sodium balance was restored during subsequent steady-state maintained chloride depletion (Needle et a/., 1964) . In contrast, in the present studies in rats sodium was lost in a state of maintained chloride depletion. Furthermore, in these dog studies, the effect of chloride depletion on water balance cannot be measured because concurrent control animals on the same dietary and fluid intake but without chloride depletion were not studied.
In the present studies, preliminary experiments ruled out the increased phosphate intake of the chloride-depleted rats as a cause of increased urinary sodium excretion. In addition, urinary pH measurements suggest that the increase in sodium and potassium excretion was not primarily due to bicarbonaturia. 2 5 4 % of filtered sodium is reabsorbed in the loop of Henle in the rat and this is dependent, at least in part, on active chloride transport (Giebisch & Windhager, 1973b) . Cohen, Chazan & Garella (1970) have &own that HCl infusion in hypochloraemic alkalotic dogs can reduce sodium excretion independently of changes of extracellular fluid volume or filtered sodium load. In micropuncture studies of chloride depletion alkalosis in the rat, 32% of the filtered sodium load was reabsorbed in the loop in contrast to 38% in control studies (de Mello Aires & Malnic, 1972) . The marked kaliuresis associated with the natriuresis in the experimental group in the present experiments suggests that there was increased sodium delivery to the potassium secretory sites in the distal tubule. The accompanying defect in renal concentration in the first 48 h suggests impairment of sodium transport in the ascending limb. If this is the mechanism responsible for the natriuresis, then increased delivery of sodium from the loop was not fully reabsorbed in the distal tubule and collecting duct, which may not be able to increase their reabsorptive capacity in the face of increased load (Giebisch, Klose & Windhager, 1964; Landwehr, Klose & Giebisch, 1967) .
The current experiments suggest that demonstrations of active chloride transport in the thick ascending limb in the rabbit in oifro may well be relevant to events in vivo after acute chloride depletion in the rat. Selective chloride depletion was followed by negative sodium and water balance with subsequent restoration to normal of plasma chloride and of urinary concentrating ability during hydropenia. It is postulated that hypochloraemia causes reduced delivery of chloride, or delivery of tubule fluid with a diminished chloride concentration, to the loop of Henle, which leads to impaired sodium transport into the medulla, impaired renal concentrating ability and to inappropriate urinary sodium loss.
Thus changes in plasma anion composition may influence renal adjustment of sodium and water balance.
